We propose a systematic approach that can empirically correct three major errors typically found in a density functional theory (DFT) calculation within the local density approximation (LDA) simultaneously for a set of common cation binary semiconductors, such as III-V compounds, (Ga or In)X with X = N,P,As,Sb, and II-VI compounds, (Zn or Cd)X, with X = O,S,Se,Te. By correcting (1) the binary band gaps at high-symmetry points , L, X, (2) the separation of p-and d-orbital-derived valence bands, and (3) conduction band effective masses to experimental values and doing so simultaneously for common cation binaries, the resulting DFT-LDA-based quasi-first-principles method can be used to predict the electronic structure of complex materials involving multiple binaries with comparable accuracy but much less computational cost than a GW level theory. This approach provides an efficient way to evaluate the electronic structures and other material properties of complex systems, much needed for material discovery and design.
I. INTRODUCTION

A. The band gap errors in DFT-LDA calculations and their corrections
Various modeling methods based on density functional theory (DFT) have become powerful tools to explore the properties of materials [1, 2] . DFT methods implemented within a local density approximation (LDA) or generalized gradient approximation (GGA) have been broadly used in ground state calculations for explaining a wide range of ground state phenomena in condensed matter physics, despite their enduring deficiency in describing exchange and correlation energies and the lack of derivative discontinuity in their exchangecorrelation functional [1] . The best-known consequence of this deficiency is perhaps that the LDA tends to underestimate the band gap in semiconductors and insulators, compared with experimental results [3] . It also affects valence band properties, such as the energy separation of the valence bands derived from p orbitals and highly localized d orbitals [4] . Many different alternative methods have been developed to address this problem [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , most famously a many-body perturbation GW method which is capable of reproducing the experimental band gaps of common semiconductors to within 0.1-0.3 eV [18] [19] [20] [21] . However, the GW method is computationally very expensive, and sometimes suffers from the conduction band cutoff convergence problem [22] . Although it is now possible to use a GW method to calculate systems up to 100 atoms [23] , it is still difficult to calculate systems much larger than that, e.g., a 1000-atom nanostructure. It is thus beneficial to have DFT methods which require only the LDA level computational effort, but can predict the electronic structure accurately. For many practical problems, we encounter new systems that are heterostructures built upon two or more well-studied binaries, * yong.zhang@uncc.edu for instance, in the form of an alloy or a superlattice that involves a structural unit much larger than a GW method can calculate. Examples may include quarternary alloys like GaAsSbN for applications in multijunction solar cells, IR detection and emission [24, 25] . And highly lattice-mismatched ZnO-ZnSe core-shell nanowires for photovoltaic (PV) application [26] . For some structurally simpler but large structures, for instance, binary quantum dots and wires or ternary alloys, some DFT-LDA-based techniques incorporating atomistic level empirical corrections to the atomic pseudopotentials have been shown able to yield rather satisfactory results for selected properties ranging from structural properties (in the DFT-LDA level) to electronic and optical properties (after applying the empirical correction, DFT-LDA-C, C stands for "corrections") [27] [28] [29] [30] [31] [32] [33] [34] . In certain cases, a DFT-LDA-C method can often offer very good results for the electronic structure, with accuracy comparable to that of optical spectroscopy (typically on the order of 10 meV) [35] [36] [37] [38] Besides the electronic structure, this type approach has also been shown to yield significantly better results in calculating the ground state properties (e.g., binary formation energy) [39] . However, it remains impractical to calculate more complex structures that involve more than two binaries and correct LDA errors in more than just the band gap (see more discussion later). Thus, a systematic correction to the DFT method can provide a powerful tool for accurate material simulations and material discovery.
B. Empirical methods and comparison with DFT
The empirical methods, especially a k·p method [40] , often show some advantages over the first-principles methods in accuracy when using them to describe the bulk electronic structure, when the necessary input parameters are available experimentally. Based on the k·p perturbation theory, a limited set of parameters (for example, the Luttinger parameters γ 1 ,γ 2 ,γ 3 and the electronic effective mass m * ) are used to fit the experimentally determined dispersions of the conduction bands and valence bands. Such fitting usually can give very accurate descriptions of the experimentally derived bulk band structures near high-symmetry points of the Brillouin zoon (BZ). More significantly, the fitting parameters can often be used for predicting heterostructures consisting of the relevant bulk materials, for instance, a superlattice. The success of the k·p theory lies in that the symmetry of the band structure is correctly described by a set of symmetry operators, where the relevant coefficients can be determined empirically. These coefficients are otherwise difficult to obtain with high accuracy through direct first-principles calculations.
Of course, a k·p-based theory has its major limitation in dealing with the situation where atomistic scale structure modification becomes important. The success of various non-self-consistent atomistic methods is in fact in the same spirit, although implicitly, in particular in a tight-binding approach [41] . An empirical pseudopotential method (EPM) can actually predict the electronic structure of a semiconductor alloy with an accuracy in the order of 10 meV, when the atomic pseudopotentials for binaries are accurately obtained [42] . However, such a non-self-consistent method is incapable of predicting the structure of the material and dealing with interatomic charge transfer. Therefore, it is highly desirable to have a DFT-LDA-C method that incorporates empirical corrections in the atomistic level to mitigate the LDA band gap errors. As a matter of fact, there have been a number of approaches proposed in the literature along this line, including one that has been used by some of us in recent years [27] , that is, after performing the self-consistent calculation, empirical corrections to the s, p, and d components of atomistic pseudopotentials are introduced to fit the major band gaps of the binaries to the experimental values. This approach has been shown to work very well, often with a few meV accuracy, in determining the impurity levels and alloy band gaps [35] [36] [37] . However, in the past, the fitting was typically done case by case for two binaries with a common cation, for instance, GaP and GaN or GaAs and GaN, where the corrections to Ga pseudopotentials were different for the two pairs. Thus, for each new heterostructure binary pair, a new fitting will be needed. Furthermore, to correct the LDA error in the effective mass, a different set of the parameters, which might not necessarily be able to also yield satisfactory band gaps, would be required [28] . This situation limits the applicability of this method to more complex structures, not to mention non-common-cation structures. In addition, the LDA error in the valence band p-d separation was not corrected, which could affect the accuracy in the description of the valence band and related impurity or defect states. In this work, we develop a systematic approach that allows us to generate a single set of s, p, and d atomistic pseudopotential corrections for a given cation, e.g., Zn, that works almost equally well with different anions of the same group: O, S, Se, Te, that can simultaneously correct band gaps of the most important critical points ( , L, and X) and the valence band p-d separation. This method is also applicable and usually sufficient to treat a non-common-cation system, because the corrections for the anions can be realized by taking a weighted average based on their coordination number with different cations, as done in the EPM [42] . With this approach, one may be able to predict the electronic structure with the GW level accuracy or even better for any superstructures involving, for instance, (Zn or Cd)X (X = O,S,Se,Te) with only the computational effort of the LDA. Note that simultaneous fitting of multiple binaries not only allows us to deal with more complex structures but also applies more constraint to the parameters and reduces the ambiguity and potentially improves the transferability to other materials. Furthermore, once the energy levels of the critical points are correctly determined, we expect that the correct dispersion relations in the whole BZ should also follow naturally, for instance, the effective masses. The approach is also applicable to most commonly encountered III-V binaries: (Ga or In)X (X= N,P,As,Sb), with the possibility of including more elements. In a nutshell, our approach is in the same spirit of the k·p theory but at an atomistic level, because the electronic states of different high-symmetry k points are related by the symmetry operations of the system and can be determined by a small set of parameters that can be more conveniently derived experimentally. In the meantime, the conventional DFT-LDA or GGA methods can be used for computing the ground state properties of the system.
II. COMPUTATIONAL METHODS
A. DFT-LDA calculations
A plane wave pseudopotential code PETOT [43] is used for the binary band structure calculation in the LDA with normconservation pseudopoentials. The exchange-correlation contribution is accounted for by means of Perdew and Zunger's parametrization of the calculations by Ceperley and Alder [44] . The d electrons are included as valence electrons for cation atoms. The special k points are generated using an 8 × 8 × 8 mesh, which generates 60 special k points in the first BZ. The spin-orbit coupling is included using the ESCAN code [45] . The experimental lattice constants are used. The kinetic energy cutoff has been tested and chosen to be 60 Ry.
The semiconductors considered here are all in the zinc blende (ZB) structure, even though some may prefer to crystallize in wurtzite phase in the normal growth conditions.
In our approach, a local correction term is added to each of the s, p, and d nonlocal pseuduopentials to fit the band gaps at high-symmetry points of the BZ (e.g., , X, and L points in the ZB structure) [27] . In the past, we fitted only the band gaps involving these states: 8v , 1c , X 1c , X 3c , and L 1c of the ZB structure, while keeping the LDA valence band maximum (VBM) fixed (no net change). However, a major portion of the band gap error in the LDA can be due to the p-d valence band separation E p-d being too small, which causes too strong p-d repulsion that pushes up the VBM. This effect is well known to be critically important for getting the correct band gap for some binaries (e.g., ZnO), as well as in describing the band offset between two binaries. Thus, in this work, we introduce a correction to the cation d orbital to adjust the p-d separation to match the experimentally measured values.
B. Procedures for making band gap corrections
The method described here is still a post-treatment in order to produce accurate band structure. A self-consistent 045211-3 calculation is performed first to generate the charge density and local potential.
There are six s, p, and d atomic orbitals available for a given binary in fitting. If we want to fit, for instance, ZnX (X= O,S,Se,Te) with the same set of Zn orbitals, there will be fewer adjustable parameters. It is important to have a general insight as to how different orbitals affect energy levels at special k points. We first briefly review the impact of each orbital on the energy levels of the high-symmetry points of interest. Figure 1 [63] . i Reference [65] . j Reference [68] . k Reference [55] . l Reference [66] . m Reference [67] . n Reference [56] . o Reference [58] . p Reference [59] . q Reference [69] .
data. This adjustment of p-d separation is very similar to the treatment of p-d coupling in the LDA-1/2 method [46] , where a trimmed self-energy potential derived from cation d states is added to get an improved band gap. After the δV (Zn d) correction is applied, the VBM values of ZnX(X= O,S,Se,Te) are lowered by 550, 284, 227, 162 meV, respectively. Here the lowering is with respect to the core levels (i.e., the VBM becomes closer to the core levels). On one hand, the E p-d error contributes significantly to the LDA errors in the band gaps; on the other hand, the dependence of the VBM error on anion type also significantly affects the band offsets among these common cation binaries. Once this step is done, no further adjustment will be made to this parameter in the future steps of correcting other band gaps, and this adjusted VBM will be viewed as the correct and final one which should be kept with as little net change as possible after applying other subsequent correction steps. This new VBM is used as the reference energy level for the targeted conduction band energy levels at special k points according to their experimental values or GW calculation results when reliable experimental data are not available. When the spin-orbit coupling is included, one-third of the spin-orbit coupling SO should be added to the above-mentioned VBM.
How the other energy levels are determined by the different orbitals is complicated because of the presence of different couplings, such as s-p and p-d coupling. We continue to use ZnTe as an example to examine the effects of each individual pseudopotential component. Figure 3 Note that the fitting of E p-d has some minor effects on the conduction band, specifically on X 1c , L 1c , and X 3c , as shown in Fig. 3(c) .
Our general goal here is to adjust the four conduction band states 1c , X 1c , L 1c , and X 3c to obtain correct band gaps with respect to the VBM without causing further net change in the VBM, using the five remaining pseudopotential components. One way to do it would be by performing a least-squares fitting using the curves produced in Fig. 3 . However, we have developed an interactive three-step procedure that usually works better. First, we note that the effects of δV (Te d) on X 1c and X 3c and of δV (Zn p) on X 1c tend to saturate after certain values, but the corrections are still not enough. So we adopt a value close to the saturation point for each of these two variables. Second, since the previous step has changed the VBM due to δV (Zn p), we use δV (Te p) to bring it back. Third, we use the two leftover parameters δV (Zn s) and δV (Te s) to get 1c and X 1c to the targeted values, and in the meantime the separation of X 3c and X 1c close to the targeted value as well. Usually, the experimental value for the X 3c is less well known and its value is also less critical to the properties of interest; we put more weight on 1c and X 1c . L 1c is not explicitly included in these steps, but typically turns out to be fairly close to the targeted value, which can be taken as an indicator for the success of this procedure. We note that the exact order of these steps is not critical.
The procedure described above allows us to perform LDA corrections for the whole set of binaries with a common cation, in this case, ZnX (X= O,S,Se,Te). The same correction parameters for the three components of the Zn pseudopotential are shared by all the Zn-based binaries. We also apply this approach to Cd-based II-VI compounds, and Ga-and In-based III-V compounds. The corrected results are described in the following section, and all the fitting parameters are given in the Appendix. [43]) and corrected pseudopotentials are available on our group website [47] or can be provided upon request. Table I are the LDA-corrected results of spin-orbit coupling, p-d separation, and energy levels of 1c , X 1c , X 3c and L 1c for group II-VI semiconductors with Zn and Cd as the cation. Table II contains the same results for group III-V semiconductors with Ga and In as the cation. Overall, these corrected values are at least as good if not better than what have been achieved before either by applying other empirical correction schemes or using the GW method, in particular, done simultaneously for multiple common cation compounds.
III. RESULTS AND DISCUSSION
Listed in
The corrected 1c band gaps are typically within a few meV of the targeted values for all binaries. For an indirect band gap material like GaP with its CBM at the X point, the deviation is only 63 meV from its experimental value. The comparisons between the raw LDA, LDA-corrected, and experimental or targeted band gaps for 1c , X 1c , and L 1c are compiled in Fig. 4 . The electronic band structures are plotted in Fig. 5 for selected compounds GaAs, InSb, ZnTe, and CdTe.
Besides the band gaps at the special k points, we further test the ability of the correction scheme to generate accurate dispersion curves, specifically the effective mass. The electron effective masses along the [001] direction are calculated and compared with available experimental or calculation results, tabulated in Table III . The agreements are remarkably good. The ability to also yield accurate effective masses further affirms the success and reliability of this correction scheme, because it is resting on sound physics based on the internal symmetry connection among different special k points. Although the corrections were applied to the ZB structure, the modified pseudopotentials can be used in predicting other crystal structures. For instance, we have calculated ZnO with the wurtzite structure, and found the band gap to be 3.52 eV, which is consistent with the GW calculation and experimental results ∼3.60 eV [71] . The same correction parameters can be used for more complex structures, such as superlattices and alloys. We have recently applied this method to the band structures of InAs/GaSb type-II superlattices with small band gaps of 10 − 100 meV, where the LDA calculation typically yield negative band gaps. Very good agreements with experimental results were achieved after applying the correction [38] . Based on the success of applying this approach to the InAs/GaSb superlattice, this method should be able to give more accurate band offsets than the straight DFT. However, it is beyond the scope of this work to explicitly extract the band offset values for these materials, which on its own would be a significant effort [72] .
IV. CONCLUSIONS
In conclusion, we have developed a systemic approach to correct the band gap errors in DFT-LDA calculations. A reliable and easy to follow procedure is prescribed and demonstrated with great success for producing correct band structures for III-V and II-VI compounds, including the band gaps at most important critical points, p-d band separation in the valence band, and the conduction band effective mass. As a method offering atomistic level corrections to the LDA results for the ZB structure, the transferability to other related structures have been tested, yielding very good results. The ability to simultaneously correct multiple common cation binaries with the same correction parameters for the cation makes it very useful for studying complex structures with multiple anions and cations. In the future, more extensive testing will be performed for computing other band structure parameters, such as deformation potentials, and various material properties. This approach is expected to be as accurate as the GW method, sometimes even better, for many practical applications but without the demand for large computational resources. 
